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Abstract — The  effect  of  geometric  scaling  on  the  performance 
of  metal-insulator  metal-ensemble  (MIME)  chemiresistors  based 
on  gold  nanoclusters  is  investigated.  The  ultrasmall  size  of  the 
nanoclusters  is  shown  to  enable  extreme  scaling  of  the  sensors  with 
reductions  in  area  of  at  least  a  factor  of  104  over  conventional 
MIME  devices.  If  the  operating  voltage  is  held  constant,  the 
absolute  sensitivity  of  the  devices  is  found  to  remain  essentially 
unchanged  by  the  geometric  scaling.  Interestingly,  this  occurs 
despite  the  fact  that  contact  resistance  appears  to  play  a  significant 
role  in  the  smallest  devices.  The  detection  limit  of  the  sensors 
is  set  by  a  signal-to-noise  ratio,  and  because  1//  noise  tends  to 
dominate,  reduction  in  sensor  size  raises  the  noise  floor,  leading  to 
a  degradation  in  the  detection  limit.  Because  of  the  importance  of 
the  1  If  noise,  optimal  performance  will  be  obtained  by  operating 
the  sensors  under  ac  conditions  with  filtering.  Despite  the  degra¬ 
dation  in  performance  that  results  from  scaling,  nanocluster-based 
chemiresistors  of  reduced  size  can  still  be  advantageous  because  of 
the  possibility  of  achieving  vapor-sensing  systems  of  substantially 
reduced  size,  power,  complexity,  and  cost,  as  well  as  new  applica¬ 
tions,  e.g.,  for  sensor  arrays. 

Index  Terms — Chemical-vapor  sensing,  chemiresistor,  nan¬ 
oclusters,  scaling,  1  /  /  noise. 

I.  Introduction 

IN  THE  burgeoning  field  of  nano  science/nanotechnology, 
it  has  become  popular  to  consider  chemical  sensing  as  an 
early  application  for  whatever  nanoscale  material  is  currently  of 
interest,  whether  it  be  a  nanocluster,  a  nanotube,  or  a  conduct¬ 
ing  molecule.  This  nanoscale-sensing  work  has  potential  for 
high  performance  because  of  the  enhanced  surface-to- volume 
ratios  and  the  possibility  of  new  transduction  mechanisms,  and 
indeed,  some  intriguing  results  have  been  obtained  even  down 
to  the  few-molecule  regime  [1],  [2].  From  a  practical  stand¬ 
point,  however,  these  nanoscale  sensors  are  currently  problem¬ 
atic  because  of  substantial  obstacles  associated  with  sampling, 
nonuniformity,  nonlinear  response  (especially  with  multicom¬ 
ponent  vapors),  and  noise.  For  these  reasons,  a  more  successful 
near-term  strategy  for  exploiting  advances  in  nanoscience  is 
to  devise  chemical  sensors  that  benefit  from  nanostructural 
features  yet  avoid  the  difficulties  of  nanofabrication  and  small- 
number  statistics  by  incorporating  large  numbers  of  nanoscale 
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elements.  This  approach  can  be  described  as  one  based  on 
nanostructured  materials.  One  recent  example  of  this  is  the 
“nanotube-mat”  sensors  devised  by  several  groups  [3]— [6]  as 
a  way  of  exploiting  the  transduction  properties  of  carbon  nan¬ 
otubes  in  a  reproducible  fashion.  An  earlier  example  was  the 
metal-insulator-metal-ensemble  (MIME)  sensors  invented  by 
Snow  and  Wohltjen  that  utilize  the  chemiresistance  of  metal- 
insulator-metal  tunnel  junctions  in  films  of  coated  metallic 
nanoclusters  [7]— [10] .  One  aspect  of  the  latter  approach  not 
previously  studied  in  detail  is  its  tremendous  potential  for 
scalability  that  arises  from  its  nanostructural  character.  This 
is  the  subject  of  this  paper  where  we  demonstrate  that  MIME 
sensors  are  indeed  highly  scalable  with  reductions  in  overall 
size  easily  made  from  the  millimeter  (or  larger)  scale  of  current 
technology  to  as  small  as  10  fi m  in  linear  dimension. 

The  chemiresistor  concept  has  its  origins  in  studies  of  photo¬ 
synthesis,  of  the  olfactory  mechanism,  and  of  conductive  filler- 
insulating  matrix  composites.  Simply  defined,  a  chemiresis¬ 
tor  is  a  device  whose  electrical  resistance  is  changed  by  the 
presence  of  an  interacting  chemical  species  [11].  The  device 
incorporates  a  thin  film  of  a  semiconducting  material  deposited 
onto  a  pair  of  contacting  electrodes.  The  “semiconducting” 
material  (i.e.,  a  material  with  conductivity  intermediate  be¬ 
tween  a  metal  and  an  insulator)  behaves  as  a  transducer  by 
converting  the  adsorption/absorption  of  a  molecular  species 
into  an  electronic  signal.  Features  that  govern  the  sensitivity 
of  these  devices  are  1)  the  vapor  pressure  of  the  analyte;  2)  the 
chemical  interaction  between  the  analyte  vapor  and  the  adsor¬ 
bent  surface’s  chemical  structure;  3)  the  chemical  and  physical 
properties  of  the  semiconducting  material;  and  4)  the  device 
design.  In  this  paper,  the  focus  is  on  the  last  factor  and,  particu¬ 
larly,  on  the  effect  geometric  scaling  has  on  the  performance  of 
chemiresistors  in  which  a  thin  film  of  gold  nanoclusters  forms 
the  semiconducting/transducing  material  [7]— [9] . 

Chemiresistor  transduction  materials  generally  divide  into 
two  types;  those  of  an  intrinsic  semiconductor  nature  and  those 
based  on  conducting  particulate  fillers  loaded  into  an  insulating 
matrix  near  the  percolation  threshold.  The  former  involve  a 
primary  or  secondary  doping  (electron  transfer)  interaction 
with  an  analyte  vapor  to  modulate  the  number  and/or  mobility 
of  the  charge  carriers.  Examples  dating  back  to  the  1960s 
include  substituted  acetylene  polymers  [12],  /^-carotene  [13], 
and  phthalocyanine  compounds  [14].  While  much  research  has 
been  done  [15]-[20],  these  sensors  have  technical  problems 
(stability,  reproducibility,  selectivity,  etc.),  and  none  have  been 
successfully  commercialized.  The  second  type  of  transduction 
material  utilizes  physical  absorption  of  the  analyte  in  the 
insulating  matrix  and  a  conductance  change  based  on  alteration 
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of  the  connections  between  conducting  particulates  in  the 
insulating  matrix.  These  sensors  have  been  called  “adsistors” 
and  one  such  sensor  known  as  the  “Adsistor  Cold  Sensor”  was 
patented  and  commercialized  in  1962  for  gasoline  leaks  around 
boat  engines  [21].  More  recent  work  on  adsistors  has  used 
composites  based  on  micrometer- size  conductive  fillers  (vana¬ 
dium  oxide  or  carbon  black)  loaded  into  thermoplastic  polymer 
matrices  [polyethylene,  poly  (vinyl  alcohol),  poly  (vinyl  chlo¬ 
ride),  etc.]  and  relies  on  vapor-induced  swelling  of  the  polymer 
matrix  [22]-[25].  These  systems  are  more  reproducible  and 
stable  and  are  better  understood  than  those  based  on  organic 
semiconductors.  A  commercialized  version  of  the  carbon-black 
polymer-composite  32-element  sensor  array  has  been  marketed 
as  Cyranose  320  by  Smiths  Detection  [26].  The  adsistors  based 
on  gold  nanoclusters  investigated  in  this  paper  owe  their  perfor¬ 
mance  to  the  exponential  sensitivity  of  the  intercluster  tunneling 
on  the  intercluster  distance  and  barrier  height.  The  modulation 
of  these  parameters  by  adsorbed  vapors — in  the  simplest 
case,  via  swelling — gives  the  sensor  sensitivity.  The  particular 
responses  for  a  given  cluster  ligand  shells  produce  selectivity 
(especially  when  an  array  of  sensors  is  deployed)  [7]— [9] . 
These  nanocluster  sensors  can  be  expected  to  have  the 
advantages  of  the  adsistor  type  of  sensor  plus  considerably 
greater  scalability  by  virtue  of  the  ultrasmall  particulates. 

To  obtain  a  chemiresistive  response  out  of  a  material  that 
changes  its  electron-transport  characteristics  upon  chemical 
exposure,  there  must  be  enough  material  present  so  that  it  can 
be  characterized  by  macroscopic  parameters  such  as  electrical 
resistivity,  partition  coefficients,  etc.  In  other  words,  a  chemire- 
sistor  must  contain  enough  discrete  elements  of  the  active 
material,  e.g.,  polymer  molecules  or  carbon  particles,  which 
the  fluctuations  associated  with  the  underlying  discreteness  are 
negligible.1  Thus,  we  require 

Size  of  discrete 

Size  of  sensor  >>  elements  that  form  the  (1) 

chemiresistive  material. 

With  regard  to  scaling,  a  crucial  implication  of  this  continuum 
assumption  is  that  in  order  to  obtain  the  smallest  possible 
chemiresistor,  one  should  have  the  smallest  possible  discrete 
elements  that  still  exhibit  the  basic  chemical- vapor  sensitivity. 
Therefore,  for  instance,  one  can  expect  MIME  sensors  (with 
particle  sizes  of  about  2  nm)  to  be  much  more  scalable  than 
carbon-particle  adsistors  (with  particle  sizes  of  about  1  /im). 
In  scaling  chemiresistors,  one  other  factor  that  enters  an 
understanding  of  their  behavior  is  the  possibility  of  contact 
effects — both  contact  resistance  and  contact  chemiresistance — 
whose  relative  importance  will  obviously  increase  as  the  size 
is  reduced.  In  this  regard,  MIME  sensors  would  also  seem 
attractive  since  the  electron-transport  mechanism  between 
electrode  and  cluster  is  the  same  as  the  one  between  clusters 
(i.e.,  gold-to-gold  tunneling),  and  so,  one  might  expect  that  the 
contact  contribution  will  be  small.  This  contrasts  with  sensors 

1  It  is  also  important  that  the  molecular  discreteness  of  the  chemical  vapor 
itself  be  unimportant;  this  is  usually  the  case  given  the  density  and  time  scales 
involved. 


based,  for  example,  on  a  semiconducting  polymer  where 
Schottky  contact  effects  are  common  and  often  dominate. 

To  understand  the  chemiresistor  sensitivity  and  its  scaling 
characteristics  one  needs  to  consider  the  contributions  of  both 
electrode-design  and  of  the  semiconductor  material  itself.  In 
order  to  deconvolve  the  latter  (at  least  partially  as  we  shall 
see),  one  can  normalize  the  measured  current  change  associ¬ 
ated  with  the  vapor  response  to  the  baseline  current  measured 
under  vapor-purged  conditions.  Most  semiconducting-material 
studies  have  followed  this  practice  and,  in  the  process,  lose  in¬ 
formation  about  the  sensitivity  and  performance  of  the  chemire¬ 
sistor  that  is  delivered  by  the  design.  Previous  reports  of 
scaling  of  the  chemiresistor-electrode  configurations  that  used 
this  approach  include:  lead  phthalocyanine  on  coplanar  gold 
electrodes  with  a  gap  range  of  5  to  100  fim  [27];  poly  (pyrrole) 
and  poly(aniline)  on  gold  parallel  electrodes  with  a  gap  range  of 
11  to  55  fi m  [28];  and  carbon-black-polyacrylate  composite  on 
gold  ring  and  dot  electrodes  with  a  gap  range  of  10  to  500  fim 
[29].  In  each  case,  the  sensor  response  is  expressed  as  a 
fractional  change  relative  to  the  baseline  and  is  found  to  be 
independent  of  the  electrode  gap.  In  other  words,  the  intrinsic 
transduction  capacity  of  the  material  is  unaffected  by  the  geom¬ 
etry.  Nevertheless,  the  overall  sensitivity  of  the  chemiresistor  is 
impacted  by  geometry  since  the  measured  signal  is  current  (not 
normalized  current).  For  this  reason,  this  paper  considers  the 
vapor  response  both  in  raw  form  as  well  as  normalized.  Fur¬ 
thermore,  since  the  basic  measure  of  performance  is  a  signal- 
to-noise  ratio,  our  scaling  study  needs  to  be  concerned  with 
both  the  signal  and  the  noise.  Because  our  interest  is  in  chemire¬ 
sistors  operating  with  known  applied  voltage,  the  signal  is  the 
change  in  current  per  given  amount  of  vapor  (i.e.,  the  “current 
sensitivity”),  while  the  noise  is  a  current  noise.  Regarding  the 
latter,  in  this  paper,  we  keep  things  simple  by  considering 
only  noise  associated  with  the  resistance  itself  and  ignore 
any  possible  additional  contributions  that  arise  from  the  vapor 
exposure.  The  nanocluster  material  is  composed  of  1.7-nm  gold 
nanoclusters  deposited  as  a  film  onto  interdigitated  and  copla¬ 
nar  electrodes  with  electrode  gaps  ranging  from  0.1  to  25  /im 
and  electrode  widths  varying  from  25  /im  to  48  cm.  As  noted, 
we  generally  keep  the  voltage  constant  no  matter  the  size  of 
the  device.  Although  a  constant  electric-field  scaling  scenario 
(i.e.,  with  average  electric  field  held  constant  in  the  scaling) 
might  seem  more  appropriate  since  the  maximum  biasing  that 
can  be  applied  to  a  given  device  will  presumably  be  set  by 
some  maximum  electric  field  Ema^  above  which  nonlinear  or 
irreversible  effects  start  to  become  significant,  the  matter  turns 
out  to  be  unimportant  because,  as  we  shall  find  in  Section  V, 
above  some  relatively  low  electric-field  value,  the  sensor  perfor¬ 
mance  becomes  essentially  independent  of  the  voltage.  Lastly, 
our  interest  is  primarily  in  the  response  to  changes  in  vapor 
concentration  (“concentration  sensitivity”),  and  we  only  touch 
briefly  on  the  separate  question  of  response  to  the  amount  of 
vapor  (“number  sensitivity”). 

Finally,  it  is  worthwhile  to  note  that  the  main  payoff  in  being 
able  to  scale  the  nanocluster-based  chemiresistor  technology 
is  that  smaller  chemiresistors  and  chemiresistor  arrays  will 
enable  sensor- system  scaling  that  can  in  turn  deliver  substantial 
savings  in  system  size,  power,  and  cost,  e.g.,  for  drop-off  or 
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Fig.  L  Schematic  of  MIME  vapor  sensor  and  its  mechanism  of  operation. 

wireless  applications.  It  is  also  possible  that  the  small  sizes  will 
allow  new  kinds  of  chemiresistor  applications  to  be  developed. 

II.  MIME-Chemiresistor  Fabrication 

Introduced  in  1998  [7]-[9],  MIME  chemiresistors  are  com¬ 
posed  of  films  of  metallic  nanoclusters  whose  electrical  re¬ 
sistance  is  modulated  by  the  adsorption  of  chemical  vapors 
(see  Fig.  1).  As  noted  in  Section  I,  MIME  sensors  are  a 
type  of  adsistor  that  employs  very  small  particle  sizes.  The 
metallic  cores  of  the  individual  particles  are  typically  only 
1-5  nm  in  diameter,  composed  of  gold,  and  encapsulated  by 
a  monolayer  shell  of  organic  molecules  attached  via  gold-thiol 
chemistry.  The  clusters  are  synthesized  by  a  modification  of 
Brust’s  method  [30]  that  allows  the  core  and  shell  dimensions  to 
be  varied  independently  [7]— [9],  [31].  In  the  original  Brust  syn¬ 
thesis,  the  cluster  shell  was  formed  of  dodecanethiols.  However, 
numerous  other  thiol-terminated  molecules  have  since  been 
studied  in  order  to  increase  the  chemical  sensitivity  and  selec¬ 
tivity  by  enhancing  the  partitioning  of  particular  vapors  into  the 
cluster  film  [31],  [32].  The  clusters  studied  in  this  paper  have 
cores  that  are  approximately  1 .7  nm  in  diameter  and  with  a  shell 
composed  of  hexanethiolate  molecules.  The  extremely  small 
particle  spacings  in  MIME  sensors  and  the  associated  tunneling 
mechanism  have  been  found  experimentally  to  enhance  sensi¬ 
tivity  over  other  adsistors  (with  the  same  electrode  geometry) 
from  levels  of  parts-per- thousand  with  micrometer- scale  parti¬ 
cles  [25]  to  parts-per-million  [7]-[9].  In  addition,  the  nanometer 
scale  of  the  particles  and  their  correspondingly  large  surface 
area  translate  into  a  dynamic- sensitivity  range  covering  four  or 
more  orders  in  magnitude  depending  on  the  vapor.  Finally,  the 
loose  packing  of  the  nanoclusters  is  such  that  vapor  molecules 
rapidly  diffuse  in  and  out  through  the  nanoscale  voids  in  the  ma¬ 
trix  of  clusters  resulting  in  extremely  fast  sensor  response  times. 

The  first  step  in  making  MIME  sensors  is  fabricating  the 
electroded  substrate.  In  this  paper,  a  number  of  electrode 
designs  of  varying  geometry  are  employed  to  investigate  the 
scalability  of  MIME  sensors.  Representative  schematics  and 
micrographs  are  shown  in  Fig.  2(a)-(d).  The  sensor  in  Fig.  2(a) 
is  a  conventional  design  with  micrometer-scale  interdigitated 
electrodes  fabricated  using  optical  lithography  on  a  quartz  or 
Si/Si02  substrate.  In  these  devices,  there  are  50  fingers  on  each 
electrode  with  the  spacing  between  the  fingers  ranging  from 


Fig.  2.  Electrode  schematics  and  micrographs  of  various  sensor  test  de¬ 
vices  used  in  this  paper,  (a)  Micrograph  of  a  state-of-the-art  MIME  device 
(electrode  gap  =  2  gm).  (b)  Micrograph  of  large  (90  mm)  square  pads  with 
variables  gaps,  (c)  SEM  image  of  a  scaled-MIME  device  (electrode  gap  = 
130  nm).  (d)  SEM  image  of  an  array  of  four  scaled-MIME  devices. 

L  =  2  to  15  fim.  The  finger  length  Wf  is  4800  fim  so  that  the 
effective  width  W  (=  Wf  x  99  finger  gaps)  of  the  device  is 
about  48  cm,  and  the  entire  device  typically  occupies  over 
10  mm2  of  area.  The  second  group  of  test  devices,  which 
is  shown  in  Fig.  2(b),  is  configured  as  an  array  of  square 
electrodes  that  are  separated  by  gaps  of  L  =  1  to  25  fi m  and  a 
fixed  width  of  W  =  90  fim.  This  array  provides  a  finer  coverage 
of  device  sizes,  although  because  of  their  relatively  small  width, 
the  larger  gap  devices  show  a  significant  amount  of  fringing 
current.  The  third  type  of  sensor  tested  in  this  paper  is  shown  in 
the  SEM  image  in  Fig.  2(c).  It  is  simply  a  scaled  version  of  the 
conventional  interdigitated-electrode  device  of  Fig.  2(a)  with  a 
near-identical  W/L  of  around  32  000  and  with  SEM-measured 
finger  gaps  of  L  =  0.123, 0.215,  and  0.248  fim.  These 
electrodes  have  been  patterned  using  ordinary  electron-beam 
lithography;  a  cheaper  alternative,  which  is  not  explored  in  this 
paper  but  that  would  be  more  effective  in  a  production  environ¬ 
ment,  is  nanoimprint  lithography  [33].  Finally,  in  Fig.  2(d),  we 
illustrate  the  possibility  of  arrays  formed  of  the  highly  scaled 
devices.  The  particular  array  shown  contains  four  sensors,  each 
of  which  has  finger-gap  dimensions  of  about  L  =  0.1  /im  for  a 
total  area  of  only  0.0025  mm2.  A  similar  array  created  in  con¬ 
ventional  MIME  technology  would  consume  an  area  of  close 
to  100  mm2. 

The  second  step  in  the  sensor  fabrication  is  to  deposit 
the  nanoclusters  on  the  electroded  substrates.  For  this  paper, 
we  employ  an  airbrush  technique  with  substrate  heating  to 
speed  the  solvent  evaporation.  Although  precise  control  of  the 
thickness  of  such  films  is  difficult,  especially  from  batch  to 
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batch,  we  estimate  the  film  thickness  in  our  films  to  be  roughly 
0.2-/im  thick  [7]— [9].  It  is  conceivable  that  this  thickness  could 
depend  on  the  electrode  geometry  especially  as  the  gaps  get 
very  narrow,  e.g.,  as  a  result  of  shadowing.  Other  techniques 
for  cluster  deposition  that  have  also  been  used  are  chemical 
self-assembly  based  on  thiol  exchange  [34]  and  microcontact 
printing  [35].  Although  not  directly  relevant  to  this  paper,  if  one 
wished  to  fabricate  sensor  arrays,  then  there  would  be  the  addi¬ 
tional  problem  of  functionalizing  different  sensor  elements  with 
different  cluster  formulations.  When  the  sensors  are  far  apart, 
this  is  relatively  straightforward,  but  a  closely  spaced  array  like 
that  in  Fig.  2(d)  would  be  quite  challenging.  In  practice,  one 
would  undoubtedly  have  to  increase  the  spacing  between  the 
sensors  and  then  employ  a  shadow  mask,  microcontact  printing, 
or  perhaps  a  more  sophisticated  technique  like  that  of  [36]. 


the  size  of  the  current  change  induced  by  a  given  concentration 
of  analyte.  Thus,  we  define 

dl 

Chemiresistor  sensitivity  :  =  — —  (3) 

where  ca  is  the  concentration  of  analyte  a  in  the  ambient  air 
or  in  a  preconcentrated  air  stream.  This  sensitivity  is  usually 
(although  not  always)  reasonably  constant  over  a  broad  range 
of  concentrations.  To  relate  the  sensitivity  of  the  chemiresistor 
to  the  vapor-induced  changes  in  the  film  conductivity  erf  (in 
Siemens  per  micron)  and  the  contact  conductivity  crc  (in  square 
Siemens  per  micron),  we  define  intrinsic  sensitivities  of  the  film 
and  contact 


III.  Scaling  Analysis  of  Chemiresistors 

Before  discussing  the  experimental  results,  it  is  useful  to 
analyze  the  characteristics  and  scaling  properties  that  one 
would  expect  for  chemiresistors.  This  provides  a  basis  for  un¬ 
derstanding  and  assessing  the  potential  benefits  of  scaling,  and 
it  establishes  a  clear  framework  for  interpreting  experimental 
measurements  and  for  evaluating  the  performance  of  actual 
sensors.  The  general  analysis  should  apply  at  any  temperature, 
although  of  course,  the  parameters  characterizing  the  film  will 
depend  on  temperature. 

Prior  to  exposure  to  a  chemical  vapor,  one  can  expect 
chemiresistive  films  satisfying  the  criterion  in  (1)  to  display 
ohmic  current-voltage  (J-V)  characteristics,  so  long  as  the 
applied  voltage  is  not  too  high.  In  other  words,  the  current  will 
obey  Ohm’s  Law,  V  =  IR,  where  R  is  a  constant  resistance. 
This  resistance  is  composed  of  contributions  from  the  film  and 
from  the  two  electrode  contacts,  which,  being  in  series,  are 
additive.  For  the  electrode  patterns  displayed  in  Fig.  2  and  the 
deposition  technique  described  in  Section  II,  it  seems  reason¬ 
able  to  assume  that  the  nanocluster  film  is  macroscopically 
homogeneous,  and  that  the  electron  transport  is  essentially  one 
dimensional  (1-D).  In  this  case,  the  film  and  contact  resistances 
can  be  expressed  in  terms  of  the  bulk  conductivity  of  the  film 
Of  (in  Siemens  per  micron)  and  the  interfacial  conductivity  crc 
(in  square  Siemens  per  micron)  of  the  contact  so  that  we  have 
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where  cfa  and  cca  are  the  concentrations  of  analyte  a  in  the  film 
and  contacts,  respectively.  For  a  given  chemiresistor,  these 
intrinsic  sensitivities  can  be  expected  to  be  essentially  constant 
as  long  as  the  chemiresistive  film  and  contacts  are  not  close  to 
saturation,  and  there  are  not  strong  interaction  effects  between 
multiple  analytes.  Furthermore,  at  low-analyte  concentration, 
the  amount  of  analyte  in  the  film  and  the  contact  will  be 
linearly  related  to  the  analyte  concentration  in  the  sensor’s 
headspace,  i.e., 


4  =  k[ca  and  cca  =  kcaca  (5) 

where  kfa  and  kca  are  the  partition  coefficients  for  the  analyte 
a  in  the  film  and  contact  regions,  respectively.  For  simplicity, 
we  shall  assume  that  k*a  =  kca  =  ka.  It  should  be  noted  that  the 
relationships  in  (5)  are  for  equilibrium  and  do  not  allow  for 
chemical  kinetic  effects. 

The  change  in  current  that  would  result  from  exposure  to 
analyte  a  is  given  by 
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and  using  (2)-(5),  we  obtain  the  following  expression  for  the 
chemiresistor  sensitivity: 


where  d  is  the  average  film  thickness,  and  the  factor  of  two 
accounts  for  the  two  contacts  that  are  presumed  identical.  It 
should  be  noted  that  when  the  electrodes  are  interdigitated 
[as  in  the  devices  shown  in  Fig.  2(a)  and  (c)],  W  is  the 
equivalent  width  of  a  parallel  plate  design. 

When  a  voltage  V  is  applied  across  the  electrodes,  a  current 
I  =  V/R  will  be  measured.  If  the  device  is  then  exposed  to  a 
chemical  vapor,  a  change  in  current  A /  =  VA(1/R),  due  to 
the  vapor-induced  changes  in  the  film  and  contact  resistances, 
will  be  observed.  Since  it  is  the  change  in  current  that  is  mea¬ 
sured,  we  characterize  the  sensitivity  of  the  chemiresistor  by 


^  dl  VWd  f  l  +  /3r 

a  =  d^a~ 

2cTf  TC(Jf 

where  ft  =  — -  and  r  =  -f — .  (6) 

crcL  r\cfc 

The  quantity  ft  is  a  dimensionless  parameter  that  measures  the 
relative  importance  of  the  bulk  and  contact  conductivities,  and 
r  is  the  dimensionless  ratio  of  the  relative  intrinsic  sensitivities 
of  the  contacts  and  the  film.  The  contribution  of  the  contact 
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chemiresistance  will  be  “small”  when  (3  <C  1,  and  r  is  not  too 
large,  and  in  this  case,  (6)  reduces  to 


E 


a 


kaVWdri 

L 


(7) 


According  to  this  formula,  we  can  obtain  higher  sensitivity  by: 
1)  improving  the  intrinsic  sensitivity  2)  enhancing  the  par¬ 
titioning  of  vapor  into  the  film  ka ;  3)  modifying  the  geometry 
to  increase  Wd/L;  and/or  4)  raising  the  voltage  V.  If  d,  W/L , 
and  V  are  held  fixed  during  scaling,  then  (7)  indicates  that  the 
absolute  sensitivity  will  be  unaffected  by  geometric  scaling. 

Because  the  transduction  effected  by  a  chemiresistor  involves 
the  conversion  of  a  chemical  concentration  to  an  electric  cur¬ 
rent,  the  absolute- sensitivity  parameter  Ea  defined  above  is 
usually  the  appropriate  measure  of  sensitivity.  As  it  should,  this 
definition  implies  that  a  sensor  with  a  higher  absolute  sensitivity 
will  yield  a  bigger  current  signal  for  a  given  amount  of  analyte, 
and  if  the  noise  floor  stays  the  same,  this  translates  into  a 
lower  detection  limit.  However,  once  the  vapor-induced  current 
change  has  been  measured,  it  can  be  more  useful  for  purposes 
of  interpretation  to  work  with  the  normalized  or  relative  current 
change  (i.e.,  A///,  where  I  is  the  baseline  current)  rather  than 
the  measured  absolute  current  change  itself.  The  justification 
for  this  statement  is  readily  deduced  from  (6) 
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which,  when  contact  effects  are  neglected,  reduces  to 
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The  advantage  of  using  the  relative  current  change  is  evident 
from  these  formulas  and  especially  from  (9).  For  large  devices, 
(9)  will  be  appropriate,  and  it  says  that  the  relative  current 
change  (unlike  the  absolute  current  change)  will  be  independent 
of  geometrical  effects  and  of  voltage  or  electric  field.  This 
makes  it  a  more  reliable  measure  of  the  response,  e.g.,  if  one 
wishes  to  enhance  selectivity  by  a  chemometric  analysis  of  the 
outputs  from  an  array  of  nominally  identical  sensors.  From  a 
chemistry  standpoint,  the  relative  current  change  is  also  useful 
because  it  provides  a  direct  assessment  of  the  contribution  of  the 
intrinsic  film  characteristics  to  the  overall  sensitivity  £a.  When 
the  sensor  size  is  reduced,  the  relative  current  change  is  still 
useful,  but  as  (8)  shows,  contact  effects  can  give  rise  to  a  com¬ 
plicating  dependence  on  geometry  (through  the  parameter  (3) 
and  particularly  on  the  gap  distance  L.  This  could  lead  to 
problems  in  interpretation  since  one  cannot  then  discriminate 
between  a  contact  effect  and  a  length-dependent  change  in 
the  intrinsic  film  characteristics.  It  should  be  noted  that  this 
ambiguity  disappears  if  the  relative  intrinsic  sensitivities  of  the 
film  and  the  contacts  are  roughly  the  same  (r  =  1).  Finally, 
we  remark  that  (as  noted  in  the  Introduction)  some  investiga¬ 
tors  have  employed  a  relative  sensitivity  defined  by  £a/J  to 
evaluate  sensor  performance  [27]— [29].  This  relative  sensitivity 
is  less  useful  as  a  device  engineering  figure  of  merit  because 


it  fails  to  account  for  the  effects  of  geometry  and  voltage  on 
performance. 

Although  the  concentration  sensitivity  Ea  is  ordinarily  of 
most  relevance,  in  some  cases,  one  is  more  interested  in  a 
chemiresistor’ s  transduction  of  the  number  or  mass  of  mole¬ 
cules  (rather  than  their  concentration)  into  an  electrical  current. 
In  this  situation,  the  appropriate  measure  of  transduction  effi¬ 
ciency  is  the  number  sensitivity,  i.e.,  the  size  of  the  response 
induced  by  a  change  in  the  number  of  analyte  molecules  in 
the  cluster  film  N^.  Using  (6)  and  (7),  and  noting  that  = 
c^WLd,  we  can  write 

s,um  Vrj  [  1  ±Pr 

a  dNl  kaWLd  L2  [(1  +  /3)2 

where  the  rightmost  approximation  results  when  contact  effects 
are  neglected.  The  main  implication  of  this  formula  is  that  the 
number  sensitivity  of  the  chemiresistor  is  benefited  by  a  scaling 
of  the  electrode  gap  L  (in  either  the  constant  voltage  or  constant 
field  scaling  scenarios)  but  not  by  a  reduction  in  the  device 
width  W. 

As  noted  in  the  Introduction,  the  performance  of  a  sensor  is 
set  not  just  by  the  sensitivity  of  its  transduction  but  also  by  how 
small  a  current  change  A /  can  be  detected.  This  is  of  course 
determined  by  the  noise  floor,  which  in  general  has  many  con¬ 
tributions,  not  all  of  which  are  well  understood.  For  simplicity 
in  this  paper,  we  assume  the  noise  floor  to  be  dominated  by  the 
noise  arising  from  the  resistance  itself,  and  that  other  sources 
associated  with  the  vapor  exposure,  with  the  transduction  and 
with  the  measurement  system,  can  be  neglected.  In  future  work, 
we  hope  to  examine  these  other  sources  more  closely  with 
appropriate  experiments  and  simulation. 

Regarding  the  zero-vapor  noise  in  a  chemiresistor,  it  can 
be  assumed  that  the  behavior  will  be  qualitatively  like  that  of 
a  typical  resistor  in  being  dominated  by  thermal  noise  and, 
at  low  frequencies,  by  “excess”  1//  or  flicker  noise,  with 
shot  noise  being  negligible  because  of  the  effect  of  long-range 
correlations  [37]— [39].  Noise  is  generally  characterized  by  its 
spectral  density,  and  because  we  operate  the  sensors  under 
an  applied  voltage  with  the  current  being  measured,  it  is  the 
current-noise  spectral  density  that  is  of  most  interest  here.  The 
thermal  current-noise  spectral  density  is  given  by  the  well- 
known  formula 


Vr 1 

y  '  a 

L2 


(10) 


^thermal  _  (11) 

R 

where  k b  is  Boltzmann’s  constant,  and  T  is  the  temperature. 
Since  the  thermal  noise  scales  with  the  resistance  R ,  it  should 
remain  unchanged  by  any  geometric  scaling  that  keeps  W/L 
fixed.  The  scaling  behavior  of  the  1/f  current  noise  is  less 
certain,  but  an  expectation  can  be  derived  from  the  Hooge 
formula 


^/flicker 
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where  N  is  the  number  of  conducting  electrons  in  the  film, 
/  is  frequency,  and  an  is  the  phenomenological  Hooge 
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parameter  [40] .  Obviously,  1  //  noise  increases  as  the  frequency 
is  reduced.  Two  forms  derived  from  (12)  are 


flicker  =  ohV^  =  anV^ld  W 
1  R2fN  fnL2(l+f3)2  L 

5ficker  _a H  _  aH  L 
T2  ~JN~  JnUdW 


03a) 

(13b) 


where  N  =  nWLd  defines  n  as  the  density  of  conducting 
electrons  in  the  film.  Although  (12)  and  (13)  assume  dc  biasing 
(V)  so  that  I  is  the  dc  current,  an  analogous  formula  can  be 
used  under  ac  conditions  since  the  1//  noise  is  fundamentally 
associated  with  resistance  fluctuations  and  since  the  induced 
current/voltage  fluctuations  are  small  compared  to  the  ampli¬ 
tude  of  the  applied  ac  bias.  In  this  case,  I  and  V  should  be 
replaced  by  their  rms  values. 

Because  thermal  and  1  //  noises  are  the  primary  intrinsic 
noise  contributions,  a  useful  concept  is  the  idea  of  the  corner 
frequency  at  which  these  two  sources  are  equal.  From  (11) 
and  (12),  it  is  evident  that  fco rner  =  olb.IV / (47V k^T) .  Because 
the  corner  frequency  is  typically  larger  than  the  RC  cutoff 
frequency  /rc,  the  operating  frequency  is  usually  below  the 
comer  frequency,  and  1/f  noise  generally  dominates.  When 
this  happens,  (13a)  shows  that  the  noise  will  increase  as  the 
chemiresistor  size  decreases  (assuming  d,W/L ,  and  V  are  held 
fixed),  saturating  as  contact  resistance  comes  to  dominate  (i.e., 
as  the  (3  term  grows). 

A  final  “noise”  source  that  should  be  mentioned  is  baseline 
drift  that  is  associated  with  “aging”  effects  and  that  is  frequently 
seen  in  MIME  (and  other)  sensors.  This  drift  generally  occurs 
over  long  time  scales  and  is  significant  primarily  because  it 
limits  ones  ability  to  use  signal  averaging  to  suppress  the 
effect  of  the  other  noise  sources.  The  largest  baseline  drifts 
are  typically  associated  with  an  initial  “bum-in”  or  “drying” 
period  during  which  drifts  in  resistance  of  as  much  as  an  order 
of  magnitude  can  be  observed. 

Lastly,  although  sensitivity  and  noise  are  the  primary  mea¬ 
sures  of  sensor  performance  of  interest  here,  there  are  other 
important  characteristics  such  as  the  sensor  selectivity  that 
are  typically  achieved  using  sensor  arrays  and  chemometric 
algorithms.  Smaller  sensors  would  allow  denser  arrays,  and  this 
could  be  advantageous.  Beyond  this,  the  sensor  size  would  crit¬ 
ically  impact  the  system’s  size/weight,  its  power  consumption, 
and  its  cost,  and  it  can  be  expected  that  scaling  would  yield 
benefits  in  all  of  these  areas. 


IV.  Sensor-Scaling  Experiments 

At  the  outset,  it  is  important  to  state  a  basic  caveat  regard¬ 
ing  the  experiments  and  their  interpretation.  Ideally,  a  study 
of  chemiresistor  scaling  would  compare  devices  of  varying 
geometry  that  all  have  the  same  bulk  and  contact  conductivities. 
This  is  difficult  to  achieve  in  practice  however  for  a  num¬ 
ber  of  reasons.  First,  there  is  appreciable  drift  in  the  sensor 
conductance  (of  any  size  sensor)  that  is  associated  with  the 
time  since  deposition,  the  exposure  history,  the  temperature, 
and  possibly  other  factors.  Second,  as  indicated  earlier,  it  is 
difficult  to  control  the  film  thickness  d  as  deposited  by  the 
airbrush  technique  especially  from  batch  to  batch.  Such  thick¬ 


ness  variations  could  also  occur  as  a  result  of  shadowing  by 
adjacent  electrodes  or  solvent-evaporation  effects  that  would 
more  likely  affect  narrow-gap  devices.  Finally,  for  the  square 
electrodes  [Fig.  2(b),  where  L  ~  W]  and  for  the  very  narrow- 
gap  electrodes  (where  L  ~  d),  fringing  currents  can  undermine 
the  quasi- 1-D  transport  assumption  made  by  the  formulas  of  the 
previous  section.  Data  interpreted  according  to  these  formulas 
would  then  manifest  deviations  that  would  appear  as  scale- 
dependent  conductivity  variations.  Experiments  indicate  (see 
below)  that  the  “conductivity”  variations  that  result  from  all 
of  these  sources  are  relatively  small  being  at  most  a  factor  of 
two  or  three  (apart  from  the  “aging”  effects  mentioned  earlier). 
Moreover,  because  these  variations  are  far  smaller  than  the 
magnitude  of  the  dimensional  changes  in  W  and  L  that  we 
study,  it  seems  reasonable  to  base  conclusion  about  the  MIME 
sensor-scaling  properties  on  such  data.  It  should  be  noted  that 
in  this  paper,  we  do  not  study  the  effect  of  varying  d. 

We  divide  our  presentation  of  the  experimental  results  into 
two:  first,  studying  the  nanocluster-based  sensors  in  purely 
electrical  terms  as  resistors  and  then  examining  them  as  trans- 
ductive  elements  and  specifically  as  chemiresistors.  In  actual 
applications,  the  sensors  would  of  course  be  packaged,  how¬ 
ever,  in  this  paper,  all  electrical  testing  was  performed  by 
directly  probing  the  bonding  pads  on  the  sensor  chips.  The  I-V 
measurements  were  performed  using  a  Hewlett-Packard  4145B 
parameter  analyzer,  and  the  noise  measurements,  as  discussed 
in  greater  detail  in  [38],  were  performed  using  an  SR560  Low- 
Noise  Voltage  Preamplifier  or  an  SR570  Low-Noise  Current 
Preamplifier  coupled  to  an  SR770  FFT  Network  Analyzer. 
All  measurements  were  performed  at  room  temperature,  which 
would  of  course  be  the  standard  operating  condition. 

The  first  set  of  experiments  we  discuss  investigates  the  extent 
to  which  nanocluster  films  act  as  homogeneous  resistors  by 
obeying  (2).  To  this  end,  in  Fig.  3,  we  plot  the  resistance 
times  the  width  ( RW )  of  airbrushed  films  as  a  function  of  L. 
Data  from  devices  with  the  three  electrode  patterns  shown  in 
Fig.  2(a)-(c)  are  included  in  the  plot.  Despite  significant  scatter 
in  the  data  (presumably  for  the  reasons  explained  at  the  start  of 
this  section),  the  curve  fits  to  the  data,  also  plotted  in  Fig.  3, 
show  that  the  data  are  consistent  with  ohmic  behavior.  The 
dashed  straight  line  is  that  obtained  if  the  sheet  conductivity 
(crfd)  of  the  films  is  taken  to  be  0.5  ns  and  if  it  is  assumed 
that  there  is  no  contact  resistance  (ac  —>  oo).  The  systematic 
deviations  of  the  data  from  that  line,  as  the  gap  is  reduced, 
indicate  that  there  is  a  significant  contribution  from  contact 
resistance.2  Specifically,  the  solid-line  fit  to  the  data  gives  the 
RW  variation  that  would  result  if  the  contact  conductivity 
(acd)  was  2.5  ns/yum.  Based  on  these  numbers,  we  deduce  that 
[3  =  0.4  /im/L,  meaning  that  contact  effects  become  significant 
when  L  ^  0.4  fim  or  smaller.  In  the  case  of  the  narrow-gap 
(^0.1  jitm)  devices,  Fig.  3  shows  that  the  contact  resistance 
supplies  about  75%  of  the  total  resistance.  That  there  is  an 
extra  contact  contribution  suggests  that  the  tunneling  situations 


2 It  is  conceivable  that  the  deviations  in  Fig.  3  could  be  the  result  of  a 
shadowing  effect  of  the  electrodes  during  the  airbrush  deposition  that  results 
in  narrower  gap  electrodes  having  thinner  films  and  thus  increased  resistances. 
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Fig.  3.  Log-log  plot  of  the  resistance  times  width  ( RW )  of  air-brushed 
MIME  films  as  a  function  of  the  size  of  the  electrode  gap  (L)  over  a  range 
from  0.123  to  15  fi m.  The  different  symbols  correspond  to  different  chips 
and  batches,  respectively,  with  the  circles  and  squares  being  for  interdigitated 
designs  like  those  of  Fig.  2(a),  the  diamonds  being  for  the  electrode  design  of 
Fig.  2(b)  with  W  =  90  jum,  and  the  triangles  being  for  interdigitated  designs 
like  those  of  Fig.  2(c).  The  dashed  line  is  a  fit  assuming  ohmic  behavior  and 
no  contact  resistance  ( ac  — ►  oo),  whereas  the  solid  curve  includes  also  contact 
resistance.  The  scatter  in  the  plot  is  believed  due  to  the  drift  in  the  sample 
characteristics  as  discussed  in  the  text. 

between  the  cluster  cores  of  the  film  and  between  the  electrode 
and  adjacent  cluster  cores  are  in  fact  significantly  different. 

Next  we  turn  to  an  examination  of  the  electrical  noise  in 
the  chemiresistors  when  no  vapor  is  present.  This  noise  is 
gauged  by  the  current-noise  spectral  density  Sj  that  is  measured 
under  dc  conditions  as  a  function  of  frequency  and  voltage. 
As  noted  in  the  Introduction,  in  this  paper,  we  use  the  zero- 
vapor  characteristics  to  judge  the  noise  floor  even  when  vapor  is 
present  [37],  [38].  Again,  understanding  the  noise  is  important 
because  it  determines  how  small  a  vapor-induced  resistance 
change  can  be  detected,  which  in  turn  impacts  the  detection 
limit  of  the  sensor  as  discussed  in  Section  V 

The  frequency  dependence  of  the  noise  is  plotted  in  Fig.  4 
which  shows  the  normalized  current-noise  spectral  density 
Si /I2  as  a  function  of  /  for  chemiresistors  of  two  different 
sizes  (gaps  of  8  and  0.12  fi m),  each  having  roughly  the  same 
W/L.  It  is  evident  from  the  plot  that  both  devices  are  dominated 
by  flicker  noise  with  a  clear  1/f  dependence  extending  over 
nearly  four  decades  in  frequency.  At  the  highest  frequencies, 
the  curves  appear  to  show  the  beginnings  of  a  leveling  out  near 
their  respective  thermal  noise  floors,  as  calculated  from  (11) 
(also  shown  in  Fig.  4)  or  perhaps  at  some  slightly  higher  value 
associated  with  a  system  noise  floor.  (N.B.:  The  two  devices 
have  different  thermal  and  system  noise  floors  because  their 
resistances  are  different.)  From  these  data,  the  comer  frequency 
is  clearly  above  104  Hz.  Fig.  4  also  shows  that  under  constant 
voltage  scaling  (for  which  I  will  remain  fixed),  the  smaller 
device  has  far  more  noise  at  a  given  frequency.  Qualitatively, 
this  increase  is  in  accord  with  the  Hooge  formula  (13b)  and 
is  associated  with  a  decline  in  the  number  of  participating 
electrons  (TV)  in  proportion  to  the  volume  of  the  film.  Quan¬ 


Fig.  4.  Current-noise  spectral  density  normalized  by  the  square  of  the  dc 
current  as  a  function  of  frequency.  At  high  frequencies,  the  noise  approaches 
the  thermal/system  noise  floor,  while  at  lower  frequencies,  1/f  noise  clearly 
dominates.  The  observed  increase  in  the  normalized  noise  spectral  density,  as 
a  result  of  scaling,  is  due  to  a  reduced  number  of  electrons  participating  in  the 
transport  in  the  smaller  sensor. 

titatively,  one  expects  from  (13b)  that  Si/ 12  should  increase 
by  roughly  a  factor  of  (Tiarge/Lsman)2  =  (8  /i m/0.12  /am)2  = 
4400,  and  this  is  in  reasonable  agreement  with  the  observed  in¬ 
crease  of  about  3000.  If  one  assumes  that  N  is  equal  to  the  num¬ 
ber  of  nanoclusters  in  the  films  then,  based  on  the  data  of  Fig.  4, 
the  Hooge  parameter  an  is  estimated  to  be  around  ten.  This 
value  is  considerably  larger  than  those  typically  seen  in  semi¬ 
conductor  devices  (which  are  usually  around  10-4)  and  can  be 
ascribed  to  1)  the  fact  that  the  cluster  transport  is  Coulomb 
blockaded  and  so  involves  far  fewer  conducting  electrons  and 
2)  disorder  in  the  system,  which  is  known  to  increase  an  [38]. 

The  bias  dependence  of  the  chemiresistor  noise  is  evident 
from  the  fact  that  the  noise  characteristics  in  Fig.  4  are 
independent  of  voltage.  Thus  demonstrates  that  for  these 
devices,  Si  ~  1 2  in  accord  with  the  Hooge  formula  (12).  To 
examine  the  dependence  directly,  in  Fig.  5,  we  plot  Si  as  a 
function  of  the  voltage  for  two  different  devices  that  again  had 
gaps  of  8  and  0.12  fim.  For  both  of  these  devices,  when  the 
voltage  is  appreciable  (with  V/L  >  100  V/cm),  the  noise  rises 
quadratically  with  bias  (i.e.,  with  a  slope  of  two  in  Fig.  5),  again 
demonstrating  agreement  with  the  Hooge  formula  (13a).  At  the 
very  lowest  voltages/fields,  the  decline  in  1  //  noise  should  lead 
to  a  leveling  out  near  the  thermal  noise  floors  of  the  two  devices, 
and  this  is  indeed  seen  at  least  for  the  larger  device.  That  the 
smaller  device  has  more  1/f  noise  at  a  given  voltage  is  again 
due  to  the  scaling  and  the  effect  of  a  decreased  number  of  elec¬ 
trons  participating  in  the  conduction  (TV).  In  the  unnormalized 
noise  spectral  density  of  Fig.  5,  the  scaling  effect  is  moderated 
somewhat  by  the  contact  resistance,  as  noted  in  Section  III, 
in  relation  to  (13a).  Quantitatively,  we  expect  the  factor  of  4400 
seen  earlier  but  reduced  by  a  resistance  factor  for  these  devices 
of  (Amaii/Aarge)2  =  (45.2  kft/2.45  kfi)2  =  340.  Thus,  the 
noise  in  the  smaller  device  should  be  amplified  by  a  factor  of 
4400/340  ^13,  which  is  comparable  to  the  experimental  value 
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Voltage  (V) 


Fig.  5.  Current-noise  spectral  density  as  a  function  of  voltage.  At  very  low 
voltages,  the  noise  approaches  a  thermal/system  floor  (apparent  in  the  8-/im 
device),  while  at  higher  biases,  the  1//  component  dominates. 


P/Po  @  15  °C 


Fig.  6.  Relative  resistance  change  of  a  micrometer-scale  MIME  sensor  as  a 
function  of  the  normalized  partial  pressures  of  several  analyte  vapors.  Note  that 
P/P0  =  0.001  corresponds  to  19  ppmv. 

of  about  23.  Further  discussion  of  the  sensor  noise,  its  scaling 
characteristics,  and  its  effect  on  the  detection  limit  appears  in 
Section  V. 

To  introduce  the  subject  of  the  vapor  response  of  MIME 
sensors,  we  first  review  some  results  for  conventional 
micrometer- scale  MIME  devices  that  provide  an  indication  of 
the  operating  characteristics  and  performance  of  these  sensors 
[7]— [9],  [31].  In  Fig.  6,  we  plot  the  relative  resistance 
changes  that  result  when  such  a  MIME  sensor  with  a  film 
composed  of  hexanethiol-coated  clusters  is  exposed  to  varying 
concentrations  of  several  different  test  analytes.  These  curves 
are  essentially  linear  at  lower  exposure  levels  as  expected  from 
the  discussion  in  Section  III.  Based  on  these  data  and  (9),  we 
can  estimate  the  film’s  normalized  responses  as  measured  by 
kaV^/cri  for  the  various  analytes,  as  shown  in  Table  I.  The 
sign  of  this  quantity  is  determined  by  the  sign  of  rfa  (since 
the  other  factors  are  always  positive).  Negative  values  are 
associated  with  an  increase  in  resistance  resulting  from  the 
aforementioned  swelling  mechanism,  while  the  positive  values 
are  believed  due  to  a  dipole-induced  barrier  lowering  that 


TABLE  I 

Normalized  Response  of  a  Chemiresistor  Formed  of 
Hexanethiol-Coated  Clusters  to  Various  Analytes 


as  Estimated  From  the  Data  in  Fig.  6 

Toluene 

Propanol 

Water 

kjfjoi  ( 1 0'5/ppmv)  -11.0 

-0.26 

~  0 

CD 

CD 

c 

03 

_c 

O 

c 

CD 


=3 

o 

"D 

CD 

N 

05 

E 


;  a 

— i — . . . 1 — i — i — ■  - 1 1  - 1 - 1 — 

Measured  at  0.5V 

2234ppmv  toluene 

A 

u 

i 

i 

A 

- 

- 

0.1  1  10 
Gap  (qm) 


Fig.  7.  Dependence  of  the  relative  current  change  for  V  =  0.5  V  induced  by 
a  fixed  vapor  exposure  (2234  ppmv  of  toluene)  on  the  gap  distance  L  for  the 
interdigitated  devices  of  Fig.  2(a)-(c).  All  of  the  devices  had  the  same  W/L  = 
32  000,  and  the  different  symbols  correspond  to  devices  from  different  batches. 

decreases  the  resistance.  The  reversal  in  sign  of  the  response 
to  1 -propanol  at  relatively  low-exposure  levels  suggests  that 
it  is  affected  by  both  of  these  mechanisms.  Last,  the  relative 
insensitivity  of  this  particular  nanocluster  film  to  water  is  an 
attractive  feature  for  many  applications. 

For  a  first  look  at  the  scaling  behavior  of  the  vapor  response, 
we  examine  the  dependence  of  the  relative  current  change 
(A I /I)  on  geometry.  As  was  discussed  in  Section  III  in 
relation  to  (8)  and  (9),  the  relative  current  change  is  of 
value  for  interpreting  measurements  because  many  of  the 
geometrical  dependences  of  the  absolute  current  change  drop 
out.  Consequently,  such  a  plot  will  afford  a  perspective  on 
the  degree  to  which  ideal  chemiresistive  behavior  is  being 
observed  and  also  on  film’s  intrinsic  response.  To  this  end, 
in  Fig.  7,  we  plot  the  relative  current  change  induced  by  an 
exposure  to  2234  ppmv  of  toluene  vapor  as  functions  of  the 
gap  L  for  the  devices  shown  in  Fig.  2(a)  and  (c)  that  all  had  the 
same  W/L.  The  basic  qualitative  observation  from  these  plots 
is  that  the  normalized  current  change  is  altered  very  little  when 
L  (and  W)  are  changed  by  over  two  orders  of  magnitude.  In 
other  words,  the  data  fit  (8)  quite  well  if  the  film  and  contact 
chemiresistances  are  assumed  to  be  roughly  identical  (r  =  1). 
That  the  chemiresistance  (Fig.  7)  does  not  manifest  clear 
contact-related  deviations  like  those  shown  in  the  resistance 
(Fig.  3)  is  somewhat  surprising.  Last,  from  Fig.  7  and  (9),  we 
can  determine  that  kt0\r\oX/ &{  =  —  7  x  10_5/ppmv,  a  number 
that  is  slightly  smaller  than  the  value  for  toluene  given  in  Table  I 
with  the  difference  presumed  due  to  differences  in  the  intrinsic 
properties  of  the  two  films,  which  were  deposited  several  years 
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Squares  (U  W) 

Fig.  8.  Plot  of  the  chemiresistor  sensitivity  as  a  function  of  the  number  of 
squares  in  the  device.  As  shown  in  the  figure,  the  ohmic  prediction  of  an  inverse 
relationship  is  valid  over  a  wide  range.  The  different  symbols  correspond  to 
different  electrode  designs.  The  circles  are  for  interdigitated  designs  like  those 
of  Fig.  2(a)  with  L  ranging  from  4  to  15  fi m;  the  triangles  are  for  the  electrode 
design  of  Fig.  2(b)  with  L  ranging  from  1  to  25  gm;  and  the  circle  is  for  an 
ultrasmall  device  with  a  W  =  10  gm  and  L  =  0.025  yum  (not  shown  in  Fig.  2). 


Fig.  9.  Plot  of  the  chemiresistor  sensitivity  as  sensor  area  (the  data  for  the 
small  geometry  devices  has  been  scaled  up  to  reflect  a  23%  difference  in  the 
actual  W/L).  The  different  symbols  correspond  to  different  airbrush  batches. 

W/L  and  V  constant  (Fig.  5).  The  overall  performance  deg¬ 
radation  that  results  is  discussed  in  the  next  section. 


apart  and  to  the  different  vapor  handling  systems  used  in  the 
two  measurements. 

From  Fig.  7  we  conclude  that  the  MIME  sensors  behave 
as  macroscopic  chemiresistors  over  the  entire  range  of  sizes 
down  to  a  gap  of  around  0.1  /tm.  Moreover,  because  no  contact 
chemiresistance  effect  is  observed,  we  can  conclude  from 
(6)  that  the  absolute  sensitivity  of  the  sensor  will  increase  in 
proportion  to  the  W/L  ratio  if  V  is  held  constant.  Confirming 
this  point,  in  Fig.  8,  we  show  a  plot  of  Etoi  for  a  variety 
of  MIME  devices  of  differing  dimensions  (including  one 
ultrasmall  device  with  L  =  0.025  fim)  as  a  function  of  the 
number  of  squares  ( L/W ).  Clearly,  the  above  formula  is 
accurately  obeyed  so  that  the  sensor’s  absolute  sensitivity  does 
indeed  vary  inversely  with  the  number  of  squares. 

Another  conclusion  that  can  be  reached  from  (6)  is  that  one 
can  achieve  the  same  sensitivity  with  a  much  smaller  MIME 
sensor  simply  by  scaling  it  in  size  while  keeping  W/L  and 
V  constant.  Experimental  data  demonstrating  that  this  is  true 
is  shown  in  Fig.  9.  In  this  plot,  a  small  adjustment  in  the 
scaled  MIME  data  of  23%  has  been  made  to  account  for  these 
devices  having  a  slightly  smaller  W/L  ratio  than  the  larger 
devices.  Despite  the  scatter  in  the  data  (whose  main  sources 
were  discussed  earlier),  it  is  evident  that  a  change  in  sensor 
area  by  over  four  orders  of  magnitude  results  in  a  little  change 
in  absolute  sensitivity.  It  seems  reasonable  to  conjecture  that 
macroscopic  chemiresistor  behavior  could  extend  down  to  gaps 
as  small  as  25-50  nm  (10-20  clusters).  At  the  extreme,  if  the 
required  interdigitated  electrodes  could  be  made,  their  total 
area  would  be  only  about  36  /i m2. 

That  the  absolute  sensitivity  is  unchanged  by  scaling  when 
W/L  and  V  are  held  constant  (Fig.  9)  might  seem  attractive; 
however,  what  is  important  is  the  signal-to-noise  ratio,  and,  as 
we  have  seen,  the  noise  increases  during  a  scaling  that  keeps 


V.  Detection  Limit  and  Operational  Implications 

In  this  section  we  focus  on  operational  questions  under 
the  simplifying  assumption  that  our  goal,  for  a  given  sized 
sensor,  is  to  optimize  the  detection  limit.  Other  design  tradeoffs 
such  as  selectivity,  power,  and  cost  that  would  enter  into  the 
engineering  of  an  actual  sensor  system  are  ignored. 

In  general  terms,  the  detection  limit  is  defined  as  the  lowest 
concentration  of  analyte  that  can  be  reliably  detected.3  Mini¬ 
mizing  the  detection  limit  obviously  demands  that  we  maximize 
signal  while  minimizing  noise.  To  be  more  quantitative,  we 
define  the  detection  limit  c^etlim  for  a  given  sensor  as  the 
vapor  concentration  that  will  produce  a  signal-to-noise  ratio 
of  one.  As  in  heterodyne  receivers  (and  as  has  been  discussed 
for  chemiresistors  in  [41]),  the  best  strategy  for  achieving  the 
minimum  detection  limit  is  to  operate  under  ac  conditions  and 
use  filtering  to  suppress  the  low-frequency  contribution  of  the 
1//  noise.  This  presumes  a  sensor  system  with  time  constants 
that,  through  the  use  of  a  preconcentrator,  are  short  enough 
to  allow  the  vapor  exposure  to  be  switched  on  quickly.  To 
understand  and  evaluate  this  strategy,  we  take  the  signal  to  be 
the  rms  current  change  induced  by  a  given  vapor  exposure  and 
the  noise  to  be  the  rms  noise  current.  The  detection  limit  is  then 
given  by 

cdetlim  _  ^noise  (rms) 
a  £a(rms) 


3  An  alternative  terminology  for  the  detection  limit  is  the  minimum  detectable 
signal.  To  be  precise,  it  should  also  be  noted  that  we  here  refer  to  the 
concentration  detection  limit;  there  is  also  a  number  detection  limit  associated 
with  (11)  that  is  defined  as  the  lowest  number  of  analyte  molecules  that  can  be 
reliably  detected. 
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It  should  be  emphasized  that  this  is  an  “intrinsic”  detection 
limit.  The  “realizable”  detection  limit  would  contain  additional 
multiplicative  factors  accounting  for  1)  the  noise  figure  of  the 
measurement  amplifier  and  2)  the  actual  minimum  signal-to- 
noise  ratio,  which,  depending  on  the  sophistication  of  one’s 
signal  processing,  could  easily  be  larger  than  one. 

Although  the  sensor  characteristics  described  in  Section  IV 
were  measured  under  electrically  dc  conditions,  they  should 
provide  an  accurate  representation  of  the  behavior  under  ac 
conditions  up  to  the  RC  cutoff  frequency  /rc  of  the  sensor  that 
in  our  devices  is  roughly  10  kHz.  This  conclusion  is  based  on 
the  fact  that  the  other  electrical  time  constants  of  the  system, 
likely  associated  with  charging  effects  in  the  insulator  and 
“molecular”  responses  of  the  cluster  shells,  are  obviously  much 
shorter  than  the  RC  time  constant  of  the  entire  device.  With  an 
applied  sinusoidal  bias  of  frequency  /,  from  (7)  (which  applies 
since  r  =  1,  as  was  noted  earlier),  the  absolute  sensitivity  will 
be  given  by 


Ea(rms)  = 


kaYzeWdri 

V2L 


(15) 


where  Vac  is  the  amplitude  of  the  applied  bias.  Similarly,  the 
rms  noise  current  will  take  the  form 


Loise  (rms)  = 


N 


fcBrA/  aHK2clTi 

R  2  NR2 


(16) 


where  A/  is  the  bandwidth  of  the  measurement  system,  and  the 
second  equality  assumes  the  current-noise  spectral  density  to  be 
a  sum  of  the  thermal  noise  (11)  and  1//  noise  (12)  components. 
Combining  (14)— (16)  then  yields 


detlim  = 

a  kaVacWdri 

According  to  (17),  if  the  amplitude  of  the  applied  bias  were 
small  enough  and/or  the  operating  frequency  were  sufficiently 
high,  thermal  noise  (i.e.,  the  first  term  in  the  square  root)  would 
determine  the  detection  limit.  In  this  regime,  (17)  dictates  that 
the  detection  limit  would  be  independent  of  frequency,  and 
one  could  improve  the  detection  limit  by  raising  the  voltage 
(14c).  However,  this  procedure  would  quickly  saturate  as  the 
1  / /-noise  contribution  (i.e.,  the  second  term  in  the  square  root) 
grew  in  size,  as  in  Fig.  5.  The  asymptotic  value  that  would  be 
reached — thereby  defining  the  minimum  detection  limit — is 
readily  found  by  neglecting  the  thermal  noise  term  in  (17)  to 
obtain 
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Fig.  10.  Illustrative  calculation  of  the  minimum  detection  limits  of 
nanocluster-based  chemiresistors  as  functions  of  the  gap  distance  L  and  with 
the  operating  frequency  as  a  parameter.  The  limit  degrades  as  the  gap  decreases 
with  the  roll-off  for  very  narrow  gaps  being  due  to  contact  effects. 


This  minimum  detection  limit  is  nearly  always  attainable  since 
it  is  generally  achieved  at  electric  fields  below  104  V/cm.4  The 
fact  that  c™m  decreases  with  frequency  restates  the  obvious 
that,  to  achieve  the  best  sensor  performance,  one  should  op¬ 
erate  at  high  frequency  as  possible  (below  /rc)  and  with  a 
measurement  system  having  as  narrow  bandwidth  as  possible 
(like  that  provided  by  a  lock-in  amplifier)  so  as  to  minimize 
the  effect  of  1//  noise.  Most  importantly,  in  this  paper,  the 
minimum  detection-limit  scales  in  inverse  proportion  to  \f~N  ~ 
y/WLd  =  L^/Wd/L,  at  least  for  larger  devices.  Assuming  d 
and  W/L  are  held  fixed,  the  latter  equality  indicates  that  the 
minimum  detection  limit  will  degrade  as  L  is  scaled  down.  This 
behavior  is  illustrated  in  Fig.  10,  where  we  plot  the  minimum 
detection  limit  as  a  function  of  gap  L  for  several  different 
frequencies  and  assuming  W/L  =  32  000,  and  A /  =  100  Hz. 
Interestingly,  for  very  small  devices,  the  degradation  moderates 
as  the  effect  of  contact  resistance  becomes  important  via  the 
factor  /3.  Although  this  plot  is  meant  primarily  to  highlight 
trends,  it  suggests  that  under  optimum  conditions,  detection 
limits  below  1  parts-per-billion  by  volume  may  be  reachable 
with  a  conventional  micrometer- scale  device. 

VI.  Conclusion 

The  effect  of  geometric  scaling  on  the  performance  of  gold 
nanocluster-based  MIME  sensors  has  been  investigated.  Be¬ 
cause  of  the  ultrasmall  size  of  the  nanoclusters,  these  sensors 

4As  noted  in  the  Introduction,  had  this  minimum  detection  limit  been 
voltage- dependent,  then  it  would  be  important  to  distinguish  between  constant- 
voltage  and  constant-held  scaling,  with  some  preference  being  given  to  the 
latter.  As  it  is,  however,  the  distinction  is  unimportant:  In  constant- voltage 
scaling,  the  sensitivity  is  independent  of  size  (Fig.  9)  and  the  noise  worsens 
(Fig.  5),  while  in  constant-held  scaling,  the  sensitivity  degrades,  but  the  noise 
stays  the  same  so  that,  in  both  cases,  the  same  performance  degradation  results, 
as  given  by  (18). 
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can  be  scaled  by  over  four  orders  of  magnitude  in  area  and  still 
exhibit  essentially  the  same  absolute  sensitivity.  This  behavior 
appears  to  be  maintained  despite  a  growing  contribution  of  the 
contacts  to  the  overall  resistance  of  the  chemiresistor.  However, 
because  of  a  rising  level  of  1//  noise,  the  detection  limit 
degrades  with  scaling.  This  effect  can  be  mitigated  somewhat 
by  operating  at  high  frequency  as  possible  below  the  device 
cutoff  frequency  and  with  appropriate  narrowband  filtering. 
Nevertheless,  there  is  a  penalty  to  be  paid  for  reducing  the  size 
of  the  MIME  sensor,  and  in  the  design  of  a  nanocluster-based 
sensing  system,  this  loss  in  performance  needs  to  be  traded 
off  against  scaling  benefits  such  as  substantial  reductions  in 
system  size,  power  requirements,  complexity,  and  cost.  It  is  also 
possible  that  extreme  scaling  of  the  sensors  could  open  up  new 
application  possibilities,  e.g.,  for  sensor  arrays. 
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